The catastrophic optical mirror damage (COMD) effect is analyzed for 808 nm emitting diode lasers in single-pulse operation. During each single pulse, both nearfield of the laser emission and thermal image of the laser facet are monitored with cameras being sensitive in the respective spectral regions. A temporal resolution in the µs-range is achieved. The COMD is unambiguously related to the occurrence of a 'thermal flash' detected by thermal imaging. A one-by-one correlation between emission nearfield, 'thermal flash', thermal runaway, and structural damage is observed. As a consequence of the single-pulse-excitation technique, the propagation of 'dark bands' as observed in photo-or cathodoluminescence maps in the plane of the active region from the front facet is halted after the first pulse. Because of the rapidness of the thermal runaway, we propose the single-pulse technique for testing the facet stability and the intentional preparation of early stages of COMD; even for diode lasers that regularly fail by other mechanisms.
INTRODUCTION

Catastrophic Optical Mirror Damage
The operating point of high-power diode lasers is at very high facet loads. Thus the COMD is likely to become a relevant sudden degradation mode. COMD has been addressed in numerous papers. All these studies are, however, carried out by analyzing different types of devices under different operation conditions. Therefore there is still a lot of ambiguity, and it is even still unclear whether the course of events along the COMD process is similar in all types of diode lasers or not. In the literature, the COMD process is commonly explained by a thermal runaway process. [1] [2] [3] Reabsorption of laser light leads to strong local heating. This continues until reaching a critical temperature level, where the feedback loop of thermally induced band gap shrinkage and re-absorption enhancement cannot be further balanced. This point is called 'COMD threshold'. It became generally accepted that the status of the surface, quantified, e.g., by the surface recombination velocity, is the major extrinsic parameter that determines the initial heating and thus the COMD threshold. 4 Once going beyond the threshold, COMD takes place with a typical delay of some 10 ns. 4 As a result of the COMD the formation of 'dark bands' are described, which start at the facet and extend along the propagation direction of the optical mode(s). With the term 'dark bands' we pinpoint lines of reduced quantum-well (QW) emission as detected in many studies by micro-photoluminescence or cathodoluminescence mapping of the active area plane. [5] [6] [7] [8] [9] Their formation during operation directly after the COMD event has recently been detected through substrate windows by Si-CCD cameras as moving bright spots.
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State of the art
The most promising techniques to improve the laser diodes against COMD are given by optimization of the laser facets. Proper passivation of the facets against oxidation lowers both the heating due to optical re-absorption of the laser light and lowers the heating caused by surface-recombination. [11] [12] [13] Vacuum cleaving of the facets and in-situ deposition with atomic layers of group IV elements represents one technical solution.
14 A technology according to this concept has been developed at IMB Rüschlikon (now Oclaro) and was named E2. 15 In-air cleaving, subsequent plasma cleaning, and ZnSe deposition/epitaxy at the facets represents an alternative approach. 11, 12, 16 A different technique involves widening of the band gap energy near the facet by QW intermixing in order to reduce both re-absorption heating ('non-absorbing mirror') and carrier diffusion toward the facet. 17, 18 Furthermore, the optical power density at diode facets can be decreased by using a 'large optical cavity' with a low optical-confinement factor ('large spot size mode'). 19, 20 Facet hardness is typically given in mW/µm, i.e. in emission power per aperture width of the emitter stripe. For broad area lasers the following values have been recently reported: in 2008 Bookham (now Oclaro) reached a record value of 233 mW/µm for their 980 nm broad-area lasers with controlled near field. 15 In 2008 Intense claimed a novel record value of 253 mW/µm. 21 In 2009 the Ferdinand-Braun-Institute Berlin claimed a COMD threshold of 270 mW/µm for their 980 nm emitting devices. 22 The actual record for cw operation is set again by Intense to 285 mW/µm for 940 nm emitting devices. 23 These numbers illustrate the vast ongoing progress in this field.
Since COMD is a thermal effect, the facet temperature is an important parameter potentially describing, e.g., how close the actual operation conditions approach the COMD threshold. Overviews on facet temperature measurement techniques are given, e.g., in Refs. 24, 25 . There are numerous reports on the observation of facet temperatures up to ~ 150°C. Facet temperatures up to ~ 600-700°C are reported a few times only, see e.g. Refs. 3,26-29 while values close to the melting point of the materials have been shown, to the best of our knowledge, only once. 25 Since the latter report refers to effective carrier temperatures, it can not be seen as clearly proven that also the lattice temperature reached the reported utmost high values as well. But this would be necessary for a regular melting process. Therefore the question arises: why are the largest reported facet temperatures that low, if COMD is considered a melting process that requires temperatures above 1200°C?
• Firstly, there is the technical problem to perform a microscopic temperature measurement also at a fast timescale.
For red-emitting devices, e.g., it has been shown for cw operation that about 2 s before the COMD event, the facet temperature was still as low as 160°C. 30 Since most facet temperature measurement techniques require higher integration times, this example pinpoints the metrological challenge.
• Secondly, it is still not clear whether the propagation of the 'meting zone' within the affected QW actually requires the attainment of the melting temperature that is known for bulk material or if this type of defect propagation might take place even at lower temperatures.
These facts point to the need to perform facet temperature measurements on a fast timescale. Moreover, there is a general need to temporally resolve all processes involved into the COMD. The results are expected to reveal the starting points of the process and to improve the general understanding. So far the details of the process, in particular its ignition, have been modeled only. 1, 2, 31 The resolution of COMD-kinetics achieved in experiments is pushed from 2 ms 30 into µs 7, 10, 32 , while modeling clearly points to the sub-µs-range. Thus there is further need for improved experiments.
EXPERIMENTAL
Commercial 808 nm emitting high-power broad-area diode lasers are investigated. This type of devices is specified for reliable cw operation up to 2 W. The epitaxial structure consists of a compressively strained InAlGaAs single QW being embedded into a Ga 0.7 Al 0.3 As waveguide and Ga 0.4 Al 0.6 As claddings. The large optical cavity emitter with a stripe width of 200 µm has chip dimensions length×width×height of 1200×400×115 µm 3 . The facets are passivated and coated with industry-grade high-and low-reflective dielectric mirrors. This study includes results obtained by analyzing 20 devices from one single batch with an extremely homogeneous parameter spread. Threshold currents are (0.562±0.002) A and operation currents at 2 W are (2.327±0.004) A; all at 25°C. For the COMD experiments, the devices were operated with 2 µs long single pulses with rise times of ~6 ns. The typical cw degradation mode of these devices, however, involves thermally-induced internal damage at currents of about 10 A, i.e. at about 4 times the recommended maximum operation current. Constant current aging experiments with this type of devices revealed COMD not to be a major degradation mode for cw operation. 
RESULTS AND DISCUSSION
The experiments were carried out according to the following approach: single 2 µs pulses are applied with increasing current amplitudes. At about 10 A degradation of the nearfield started as expected. For further increasing currents, each test was done with a pristine device. After being subjected to the current pulse the facets of the devices have been inspected visually and by SEM. No signs of exterior degradation have been seen. This finding well matches the results obtained from constant current aging test under cw operation. From the thermocamera also no signal exceeding the overall noise level has been detected even for elevated operation currents.
For operation current reaching 35 A, however, we find concordantly clear thermocamera signatures and the type of surface damage as known for COMD; see Figs. 2. We call the peaks detected with the thermocamera 'thermal flash' and the surface damage 'extrusions'. The latter term was chosen since the damage is indeed associated with a slight lift up of the dielectric mirror; see Fig. 2 (g) . Notice that the observation of clear COMD signatures at this current demonstrates the ability of the single-pulse approach to artificially prepare the COMD also for such type of devices, which typically fail at lower currents by other failure mechanisms. This approach is expected to work as long as COMD is the fastest failure mode.
There is a clear spatial correlation between the thermal flashes observed within the first pulse and the minima in the nearfield of the devices emission observed in the second pulse. This clearly shows that the thermal flash pinpoints the micro-explosion that leaves a damaged site. One could be surprised that the correlation between thermal flashes and the nearfield measured within the first pulse is poorer. This seeming contradiction, however, becomes resolved if one takes into account the likely nearfield kinetics within the first pulse, which is still not resolved within the present set of experiments: of course we expect the COMD process to start at the maxima of the nearfield as demonstrated in cw experiments. 6, 30 After the COMD event, the micro-explosion leaves damaged areas, which appear as neafield minima. The 'nearfield-snapshot' that is taken during the entire first pulse provides a temporal average of both nearfield contributions, namely maxima and minima. (a) (b)
Now we plot the damage area [see dotted ellipses in Figs. 3 (a-f) ] versus thermal flash intensity; see Fig. 3 (h) full circles. The resulting data follow a straight line. Extrapolating towards a 'facet extrusion area' of zero, a certain thermal emission value remains. We consider this offset as background signal that adds to all data points and represent thermal emission from the entire laser cavity; see Ref. 33 . Therefore we subtract this offset; see open circles in Fig. 3 (h) . This data is used now in order to determine the extrusion temperature during COMD. This is done by using the (extrapolated) calibration curve that has been taken before for this device by monitoring thermal images of the non-operating device at elevated temperatures. Furthermore, the ratio of extrusion area by spatial resolution of the thermocamera has been taken into account. The temperatures obtained in this way are independent on the size of the extrusion areas, see full triangles in Fig. 3 (h) . The average is (627±21)°C. The finding of a common (high) temperature is plausible, since we assume the 'melting' to take place for all locations at the same temperatures. In addition, this result justifies the approach made.
Although it might be affected by a rather large systematic error, the value of slightly more than 600 °C is too low to indicate a genuine melting process. On the other hand, this temperature well agrees with the values mentioned in section 1.2. as the largest values ever reported for experimental situations close to or at COMD. Thus we confirm with an independent approach a temperature range, which has been pinpointed earlier by other methods. How this agrees with the association of COMD with a melting process must be addressed in further studies. The impact of COMD to the laser structure is revealed by cathodoluminescence analysis at opened devices; see Figs. 4. We find a one-by-one correlation between the locations of the thermal flashes and the locations of damaged areas inside the cavity, see black perpendicular lines in Figs. 2 and 4 . Notice the black stripes propagating into the laser cavity to be rather short< 10 µm. We assign this finding to the single pulse operation allowing for better separating facet degradation from subsequent degradation processes in the bulk.
SUMMARY
In summary, we report on COMD experiments with diode lasers in single-pulse operation. During each pulse both nearfield and thermal images are monitored and the onset of the thermal runaway process was unambiguously related to the occurrence of a 'thermal flash'. Such flashes we detected with µs temporal resolution. We find a one-by-one correlation between nearfield-reduction, thermal flash and structural damage at the facet and within the laser cavity.
We estimate the temperature of the damaged area during the COMD process and find an average value (627±21)°C being independent of the size of the damaged area. Notice that this value well agrees with measurements and estimates obtained by other techniques, 3, [26] [27] [28] [29] but lies substantially below the expected melting temperature of the device structure (>1200°C).
We think that the application of the single-pulse approach to COMD analysis involves a number of advantages:
• Both long- 34 and short-single-pulse approaches are considered useful in order to standardize COMD tests and to separate better the impacts of the actual device architecture from the thermal properties of the package.
• Bulk and facet heating can be precisely adjusted.
• The intentional preparation of early stages of COMD becomes possible.
• The approach allows for better separating facet degradation from subsequent degradation processes in the bulk.
• COMD can be analyzed even for diode lasers that usually fail by other mechanisms.
